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Abstract: This paper investigates the reactive power balance of the Zealand side of the Danish
transmission system (DK2) by using QV-curves. The study is performed in cooperation with
Energinet, who is the Danish transmission system operator (TSO). Firstly, this paper aims to map the
reactive power balance with the current challenges in the system, which appears due to a decision of
changing overhead lines in the scenic area to cables. Secondly, a method is derived for obtaining a
comprehensive overview of the impacts that future projects might have on the system. By dividing
the transmission system into smaller areas, it is possible to analyze how the reactive power will affect
the voltage; moreover, it is favorable to analyze and handle the challenges in the reactive power
balance locally. This helps the TSO to quickly determine the lack of reactive power devices and issues
that might occur in future expansions of the system. For this paper, a full-scale model of DK2 and
SCADA-data has been utilized. It covers the period from 01-01-2016 to 20-08-2017 between the TSO
and the Distribution System Operator (DSO). The studies have shown how the location of the wind
production will create issues in the reactive power balance.
Keywords: reactive power mapping; reactive power compensation; QV-analysis; QV-curves
1. Introduction
Reactive power is needed to transfer active power in an AC-system. The reactive power stored in
the AC-system, which is constantly changing state between being stored in electrical fields (capacitive)
and magnetic fields (inductive), is also called the oscillating power [1]. The overall reactive power for
the system must always be balanced. However, local imbalances in the system can occur, which will
affect the voltage [2,3] by increasing or decreasing voltage magnitude. Reactive power is associated
with a voltage changes and thus does not have the ability to be transferred over long distances, whether
physical or electrical length. This means that the reactive power must be handled locally [4]. Therefore,
there is a need to manage both the current reactive power balance and to maintain the reactive power
balance when designing future projects in the electrical power system.
The modern energy systems tend to have a higher penetration level of renewable energy sources,
such as wind- and solar power. These types of energy sources are usually not located in the most
populated areas, and the power must be transferred from the source to the consumers. Moreover,
the development of electrical systems in many countries means that the system is going towards
the use of cables, instead of overhead-lines [5]. This is especially applicable for the distribution
systems, but it is also the case for some transmission systems. Many countries have a fixed limit
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for the reactive power exchange between two systems—TSO-DSO (Transmission System Operator,
Distribution System Operator) or TSO-TSO—based on a specific power factor, which can deviate from
0.85−0.95 [5].
The Danish transmission system is divided and separated into two frequency areas, DK1 and DK2.
DK1 is the larger of the two systems, including the western part of Denmark, and is synchronized with
the Continental European Grid [6]. However, DK2 is the eastern part of Denmark and is synchronized
with the Nordic synchronous area [6]. This paper will only focus on investigation of the reactive power
balance in DK2 as illustrated in Figure 1.
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Figure 1. ap of the Danish transmission system, DK2.
Based on the decision of changing the overhead lines to cables in urban and scenic areas in
Denmark, the electrical power system has slowly started to change from a predominantly inductive-
to a predominantly capacitive system [7,8]. Furthermore, the decision to split the Danish system into
a transmission- and distribution part, with a superficial boundary of 100 kV, has compounded the
problem. These changes have a deeper and more pronounced effect on the reactive power balance in
the transmission system, due to the location of the main wind production in DK2. The main production
is in the southern part of DK2, as seen at the bottom of Figure 1, where there is a low population.
This means that the loading on the cables in the southern part varies from highly loaded, when a high
amount of wind energy is generated, and low load, when the wind production is low. The cables are
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illustrated as the dotted lines in Figure 1 in which all the substations in the Danish system have a
unique three-letter name, such as RAD (Radsted).
Traditionally, the analysis of the required reactive power has been calculated based on the
exchange between the TSO and DSO. The needed reactive compensation has been calculated based
on a power factor limit of 0.95, for the maximum exchange active power between the two systems.
By defining a reactive power limit, one can compare the historical measurements. Based on the
comparison between the limit and historical data, it can be determined whether there is a lack of
reactive power in a specific interface between the two systems. The idea is to create two interdependent
systems. This method of analyzing the needed reactive power devices is only clarifying the problem at
a specific point of the transmission system. By only analyzing a specific interface between the TSO and
DSO, one does not take the dynamics of a larger system into account.
In this paper, a QV-analysis [2] has been conducted in cooperation with Energinet. The full scale
PowerFactory model of DK2 and measurements of the power flow, as well as the voltage magnitudes,
have been provided by Energinet. The measurements are taken from the secondary side of the
transformer between the different voltage levels of the transmission system. The imported power,
consumption, and production are provided from Energinet’s publicly available data [9], which was
uploaded to the model. The analysis will display how to use QV-curves [10] to determine the need
for reactive compensation, and the placement of the needed reactive power devices. The analysis
is based on worst case scenarios, and the case selected for the investigation is when the largest
exchange of reactive power between TSO and DSO occurs. The QV-analysis shows the lack of reactive
power depending on the voltage stability, which is the power system’s ability to withstand different
contingencies [11,12]. This paper will also investigate how the future installations in the transmission
network will impact on the reactive power balance. Furthermore, the result will be discussed and
compared to the results obtained by the traditional practice, from a TSO point view.
The rest of this paper is organized as follows. The data handling from the supervisory control and
data acquisition (SCADA) viewer is explained in Section 2. To make the analysis more manageable,
the transmission system has been divided into different areas. The analysis will investigate the lack of
reactive power locally, by statically calculating and defining the weak bus bars in the Mvar area [13],
which is presented in Section 3. The main findings of the analysis have been in the southern part
of Denmark. This is, as expected, due to the large amount of wind power and the amount of cables
in the transmission system. The analysis of the reactive power balances has been carried out by
using QV-curves to determine the required reactive power, as a function of the voltage in Section 4.
In addition, the QV-analysis is also further discussed. Finally, the conclusion is given in Section 5.
2. Data Processing
All the data used in this paper has been obtained from a historical database. The database has a
time span from 01-01-2016 to 20-08-2017, which holds all the measurements from Energinet’s SCADA
system. The measurements are from the interface between the transmission- and distribution system.
It was chosen to investigate the contribution from the lower voltage levels, which, in the southern area,
implies the main part of the onshore wind production. For this paper, the location of the installed
onshore wind power was not investigated, which has a total capacity of 650 MW on Zealand. It is
assumed that most of the capacity is installed in the southern part of Zealand, where there is a low
population density and a high amount of wind. In the southern area there are two of the larger offshore
wind farms on Zealand, they are connected, see Figure 1, as RDS and RDB. Roedsand I (RDS) has a
total capacity of 165 MW and Roedsand II (RDB) has a total capacity of 215 MW.
2.1. Data Verification
It is necessary to ensure that the data obtained from SCADA is correct regarding sign convention.
This is to ensure that the flow direction through the transformer is correct. It is likewise necessary to
Energies 2019, 12, 419 4 of 15
validate the magnitude of voltages, active power, and reactive power, to ensure a correct scalar factor
in the SCADA system.
The installed capacity of wind turbines exceeds the consumption level in the southern part of
Zealand. This fact makes it possible to validate the data from stations, with a large amount of wind
turbines connected to the distribution network. The measurements from a station with a high wind
penetration connected to the distribution network, should indicate a flow through the 132/50 kV,
132/30 kV and 132/10 kV transformers towards the transmission network.
Figure 2 shows a scatter plot from a substation in the southern area, called VLO, where all
the measurement from each hour is plotted. This shows a power flow from the distribution side,
to the transmission side. This observation matches the expectation for this area, and shows that
the consumption in general is lower than the production. It is then possible, based on the scatter
plot, to verify the sign convention from the measurement, when it matches the expected power flow,
by consolidating the measurement with a known date of time of a high wind production. This is found
by using the publicly available data from Energinet [9]—the sign convention of the power flow can
be confirmed.
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Figure 2. Scatter plot of 132/50 kV at substation VLO. Positive sign convention indicates the flow
direction from the distribution side, to the transmission side.
2.2. Discarded Data
The data needed for this paper are the worst-case scenarios of reactive power flow. In some cases,
the worst case of reactive power through the transformer was too distant from the normal operation,
and was therefore not selected for the analysis. With the rather large amount of data, it would be a
huge task to validat specific data points for all transformers. For this son, data points that are too
far from the normal oper tion are of the transformer has bee discarded.
An example is shown in Figure 3, with the transformer at station IDE. The data point marked with
a red circle is the situation with the highest amount of reactive power flowing towards the transmission
network. Since the data point is so far from the transformer’s normal operation area, this point is
discarded, and the data points marked with red dots has been chosen instead.
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3. Mvar Areas
Due to the reactive power’s disability of transferring over long distances, DK2 was originally
divided in 5 Mvar zones, Figure 4a. However, due to the low impact the reactive power had throughout
the analysis on the middle area (orange) and the Copenhagen (light green), it was decided to divide
the two areas even further, as it is shown in Figure 4b. Changes of the reactive power flow in the
two large areas does not affect the voltage, and it is therefore required to shorten the distances from
the defined zone’s center to the outer substations. The idea of defining these zones is to look at the
transmission system in smaller areas, which makes it easier to investigate the reactive power balance
based on simple QV-curves. Furthermore, the Mvar areas can simplify the calculations for the required
compensation by placing the device in the middle of the area, which will then affect the voltage in the
whole area. Therefore, the overall cost of the compensation devices can be minimized.
3.1. Traditional Mapping of the Reactive Power Balance
Traditionally, the reactive power balance between the DSO and TSO were treated as two separate
systems. This means that there is a limit for the transmitted reactive power between the two
systems, which is calculated by a preferred power factor (here for Denmark this power factor is
0.95). This method can be visualized in Figure 5, where the accepted power flow is within the red box.
The size of the limit (the red box) are calculated by adding an expansion factor of 10% of the maximum
active power, and then calculate a maximum reactive power exchange between the DSO and TSO.
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By investig ing th reactive power, as described above, a wrong picture of the needed reactive
power compensation may result. This method only investigates whether the reactive power through
the interface between two system is too high, but the load is often inductive, which helps lowering
the voltages of the capacitive transmission network. Using the divided Mvar areas in QV-analysis to
investigate the whole system quickly shows actual needed reactive power in the area. In Figure 6
Energies 2019, 12, 419 7 of 15
there is an example of an analysis done by the traditional way of analyzing the reactive power
contribution from the lower voltage levels. The results from the Figure 6 are from the southern part
of Zealand.
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Figure 6. Bar-chart showing highest measured flow of reactive power and the indicate require ent for
compensation, in the southern Zealand.
4. Analysis
An analysis of the two worst case scenarios, as it was determined in Section 2, i.e., 1) low load
and high wind, and 2) low load and low wind, was conducted. These two cases were selected as
the top and bottom of the reactive power from the scatter plot for the area. Both cases are shown in
Tables 1 and 2, respectively, whereas the power balances for the two cases were uploaded to the model
provided by Energinet. The reactive power flow for the system will be analyzed in N, N-1 and N-2,
by ENTSO-E standards [14], where exceptional contingencies are not considered.
Table 1. Exchange of reactive power towards the transmission system operator (TSO), a high wind and
low load scenario.
Busbar Timestamp MW Mvar kV
ESK 04-06-2017 03:00 −6.64 1.03 52.69
IDE 04-06-2017 03:00 −4.74 2.74 52.69
RAD 04-06-2017 03:00 −6.07 12.67 52.27
RBY 04-06-2017 03:00 0 0 0
STV 04-06-2017 03:00 −5.23 1.62 52.62
VLO 04-06-2017 03:00 −11.02 17.24 52.99
Table 2. Exchange of reactive power away from the transmission system operator (TSO), a low wind
and low load scenario.
Busbar Timestamp MW Mvar kV
ESK 02-02-2016 10:00 3.78 −8.94 51.69
IDE 02-02-2016 10:00 7.12 −5.92 51.60
RAD 02-02-2016 10:00 6.78 −13.33 51.66
RBY 02-02-2016 10:00 19.87 −10.66 51.47
STV 02-02-2016 10:00 −6.14 −1.63 51.99
VLO 02-02-2016 10:00 75.94 −22.45 50.59
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4.1. Preconditions for the QV-analysis
To make sure that the system can handle the reactive power imbalances created in the contingencies,
the dynamic responses are not part of the analysis of this paper. The dynamic compensation devices,
such as SVC and the synchronous condenser, are limited to 20% of their maximum output. Therefore, a
dynamic reserve for large disturbances (transient events) is insured [15,16].
The nominal voltage is 1 p.u., though it should be noticed that the operational voltage is normally
slightly above. The chosen limits for this analysis are 1.06 and 1 p.u., which can be seen in Table 3.
Table 3. The grid code and define limits for the analysis.
Voltage Limits
Maximum Voltage Limit Minimum Voltage Limit
Defined system limits 1.06 p.u. 1 p.u.
Grid code limit [17] 1.1 p.u. 0.9 p.u.
The defined upper limit at 1.06 p.u. is chosen to ensure a significant margin to the voltage
limit [18], given by the grid code in the above Table 3. It is important to dimension the system with a
margin in steady state when designing the reactive power balance of a system, to prevent a possible
voltage collapse. The lowest chosen are limited to 1 p.u., because of the resistive losses lower the
voltage too much.
In this analysis, maintenance plans for the system will not be considered. The studies are
performed on a fully operational system, with only outages of transformers between the TSO and the
DSO. ENTSO-E regulations state that the N-1 and N-2 do not imply maintenance outages.
4.2. Contingency Analysis for the QV-analysis
Eight substations are implied in the southern area. When the southern areas were investigated, the
substation RAD was chosen as the central station, where the required reactive power will be calculated
from. RAD is selected due to its central placement in southern area and is marked with a red dot in
Figure 1. In the normal operation, there were not any challenges with the voltage limit given in Table 3.
The contingency analysis was made afterwards, to investigate the challenges that could appear in
the system. The following contingencies, shown in Table 4, resulted in voltages above the maximum
limit chosen for this analysis. To investigate the contingencies further, a sweep with multiple power
balances was carried out [19] to determine the worst scenarios. The two selected contingencies based
on the contingency analysis were, no. 2 and 3 from Table 4, both low load and low wind cases. These
two cases are then used in the analysis.
Table 4. The contingencies which are creating over voltages in the southern area.
Outcome of the Contingency Analysis
Contingency No. Contingency Name (N-2) Contingency Devices
1 RAD_132-R12 & STV_132-R11 2 Reactors
2 MAV_132-R11 & RAD_132-R12 2 Reactors
3 ESK_132_MAV & RAD_132-R12 OH-line & Reactor
4 RAD_132-R12 & STV_132_VLO Reactor & OH-line
4.3. Analysis
It was discovered that contingency no. 3 was the case in which the voltage increased the most.
Figure 7 shows a QV-analysis of the N-2 contingency, where the transmission line was disconnected
between ESK and MAV, and the reactor at RAD. The three stations, RAD, RBY, and VLO, cross the
voltage limit. A double busbar is installed at RAD, and the two busbars have the same characteristic in
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Figure 7. By using the QV-analysis, it was possible to see that the highest voltage was not the bus bar
that lacked the most inductive power. This is due to the voltage sensitivity, which is higher at bus RBY
than RAD, where RAD had a lack of 87 Mvar in Figure 7. Based on Figure 7, a 100 Mvar reactor at
RAD was selected to maintain the voltage under the defined limit. The 100 Mvar reactor was selected
due to standard sizing of reactors.Energies 2018, 11, x FOR PEER REVIEW    10  of  15 
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By adding a 100 Mvar reactor at the bus bar RAD, the voltage levels were lowered below the
desired maximum limit for the voltage from Table 3, which is shown on the graph in Figure 8. All the
bus bars in the area are plotted, to make sure that none of them is lower than the minimum desired
voltage limit. The bus bar nearest the limit are still RBY, which were expected. The colors of the curves
are given in Table 5, which compares the result of the analysis.
Table 5. The comparison between the two cases of reactive power compensation.
Busbar
Comparison between the Ways of Additionally Compensate the Area
Graph Color
Displacement from the
Upper Voltage Limit after 100
Mvar Compensation (Mvar)
Displacement from the Upper
Voltage Limit after 50/50 Mvar
Compensation (Mvar)
ESK Red 15.245 26.480
IDE Light Green 10.743 20.835
MAV Brown 60.843 63.931
ORH Pink 46.965 44.956
RAD Gray 32.390 26.480
RBY Black 19.747 15.189
STV Dark Green 66.319 99.117
VLO Green 42.481 77.451
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4.4. Result
When analyzing and designing the reactive power compensation, it is important to consider the
criticality of the station. E.g., placing all the required reactive power at one station, as the case is
showing in Figure 8, will make the system highly dependent on one station. For instance, in this case,
it will be RAD. Due to the results from the analysis, it will be further investigated how to minimize
such dependency.
The simplest solution will be to split the 100 Mvar reactor into two 50 Mvar reactors and place
them on two separate stations. The two stations chosen for the placement of the two reactors were
selected to shorten the distance between the other stations in the area. This would provide the system
with some redundancy in terms of outages of a bus bar in the transmission system. The QV-analysis
from this result is shown on the graph in Figure 9, where the colors of the curves are shown in Table 5.
By splitting the 100 Mvar reactor into two 50 Mvar reactors, and installing them at VLO and ESK,
the margin for STV, VLO, ESK, MAV, and IDE to the upper voltage limit increases. However, the margin
for the stations RAD, RBY, and ORH to the upper limit decreases. The result of the comparison of the
two cases, with 100 Mvar and two 50 Mvar reactors, is shown in Table 5.
The result of the analysis of the southern area was to give the system both the necessary
redundancy and reactive power reserve. The compensation is divided into two shunt reactors, to meet
the required reactive power. This requirement of reactive power, in the worst case, is therefore met by
the addition of two 50 Mvar shunt reactors at VLO and ESK, as was the case for the QV-analysis at
Figure 9.
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4.5. Voltage Sensitivity
One of the benefits by dividing the transmission network of Zealand into the 7 Mvar areas, as is
shown in Figure 4b, is that it provides a much clearer overview of the system. T is is specially
beneficial in the QV-analysis, due to the vol age sensitivity, which is the slop of curves. This way
of analyzing the transmission network showed a possible future issue, which the traditional way
of investigating the required reactive power w uld not have shown. This is bec use higher voltage
sensitivity is easier to regulate. However, this can be a challenge if the voltage sensitivity gets too high,
as it could be the case for the station ØSH, in Figure 10. In this case, the slope of ØSH, the blue curve,
might be something to be aware of due to the flat slope of the curve, which indicates a high voltage
sensitivity. The voltage for ØSH is not above the limit in the N-2 event, which was determined from
Table 3.
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Due to high voltage sensitivity [20], this bus bar is highly sensitive to changes in the reactive
power. Changes in the reactive power could occur by changing OH-line to cables, which the Danish
transmission grid is changing towards. In the analysis, the chosen dates were when the load of the line
were low, and the transmission grid were or became highly capacitive. This is something to be aware
of when a bus bar such as ØSH is sensitive, as is the case in Figure 10.
To illustrate the problem with high voltage sensitivity, a 100 Mvar capacitor was placed at
ØSH, in Figure 11. The changes here were significant and could create problems, in the case of over
compensating the grid or larger changes from OH-lines to cables.
Energies 2018, 11, x FOR PEER REVIEW    13  of  15 
 
 
Figure 11. The QV‐curves of two substations, BLA and ØSH, in a N‐2 situation, with the addition of 
a 100 Mvar capacitor bank. 
4.6. Summary of the QV‐analysis 
In this section, a quick follow up on the entire QV‐analysis will be presented. The defined Mvar 
area was originally divided into 5 different areas. The analysis showed that the areas, defined at first, 
were  too  large  in some cases.  In  the  cases where  the areas were  too  large,  it was not possible  to 
calculate whether there was a requirement for reactive power compensation by choosing a bus bar in 
the dimensioning area.   
The definition of both the new and original areas are shown in Figure 4a,b. Figure 4b shows all 
the bus bars that were chosen to dimension the areas required for reactive compensation. Those are 
marked with a red dot. In each area, the calculation point was chosen in the central part of the area. 
The stations that may have a critical  length for the output of this method have been marked with 
pink. 
The chart in Table 6 shows the recommended installed compensation, which in all three cases 
are shunt reactors. This is due to the need for lowering the voltages in the defined contingencies in 
both cases. The analysis for the southern area is presented, and the solution with two reactors at VLO 
and ESK is described. A lack of inductive power at KRL is due to a disconnection of two lines, which 
isolates a small area. The approach  for  the QV‐analysis  for  the other areas  is  the same as  the one 
presented in this paper, and the analysis for the lack of reactive power at KRL will therefore not be 
presented in this paper. The stations where the recommended compensation has been installed are 
marked with blue dots in Figure 4b. 
Table 6. The recommendation of the placement for reactive power devices, based on the QV‐analysis. 
Busbar  Size Compensation Device (Mvar) 
KRL  −24 
ESK  −50 
VLO  −50 
4.7. Discussion of the Result of the QV‐analysis, Compared with the Traditional Method 
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4.6. Summary of the QV-analysis
In this sec ion, a quick follow up on the entire QV-analysis will be presented. The defined Mvar
area was originally divided into 5 different areas. The analysis showed that the areas, defined at
first, were too large in some cases. In the cases where the areas were too large, it was not possible to
calculate whether there was a requirement for reactive power compensation by choosing a bus bar in
the dimensioning area.
The defi ition of both the new and original areas are shown in Figure 4a,b. Figure 4b shows all
the bus bars that were chose to dimension the are s required for reactive comp nsation. Those are
marked wi a red dot. In each area, the calculation point was chosen in th central part of the area.
The stations that may have a critical l ngth for the output of t i method have been marked with pink.
The chart in Table 6 shows the recommended installed co pensation, which in all three cases
are shunt reactors. This is due to the need for lowering the voltages in the defined contingencies in
both cases. The analysis for the southern area is presented, and the solution with two reactors at VLO
and ESK is described. A lack of inductive power at KRL is due to a disconnection of two lines, which
isolates a small area. The approach for the QV-analysis for the other areas is the same as the one
presented in this paper, and the analysis for the lack of reactive power at KRL will therefore not be
presented in this paper. The stations where the recommended compensation has been installed are
marked with blue dots in Figure 4b.
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Table 6. The recommendation of the placement for reactive power devices, based on the QV-analysis.
Busbar Size Compensation Device (Mvar)
KRL −24
ESK −50
VLO −50
4.7. Discussion of the Result of the QV-analysis, Compared with the Traditional Method
Traditionally the TSO and the DSO have been looked at as two separate systems, with the
transformers as the exchange point. The traditional method for investigating the reactive power
balance, and to determine the lack of reactive power in the system, does not take the dynamics of
the system into account. This means that determining the required reactive power compensation
by the method described in Section 3.1 gives a misguided picture of the requirement for reactive
power compensation. The analysis performed in this paper shows a need for both capacitive and
inductive power in the traditional method. However, the QV-analysis shows that in a lot of these cases
the two systems compensate for each other. This was caused by the capacitive transmission system,
which was compensated for by the inductive loads from the distribution system. This means that the
high exchange between the TSO and DSO is not necessarily a bad thing. Furthermore, as has been
explained in this paper, it is also easy to find the optimal placement. This was case for the 100 Mvar
inductive power, which was divided into two 50 Mvar reactors, by dividing the system into Mvar
areas. Analyzing the system in the traditional way will not provide an optimal geographical location,
but only show the required reactive power contribution in each specific exchange point, between the
TSO and the DSO.
5. Conclusions
This paper maps and analyzes the reactive power balancing of the Danish transmission network.
The QV-analysis has proven that both in normal operation (N) and in N-1 operational scenarios, there
are no challenges with the reactive power balance. In the southern part of the transmission network,
it was discovered in the analysis that there was a requirement in N-2 for inductive power. In this case,
the QV-analysis indicated a requirement for 100 Mvar reactor, to lower the voltage under the chosen
margin. The conclusions from the analysis were to provide the system with the necessary redundancy.
The 100 Mvar inductive compensation should be divided into two 50 Mvar reactors, at VLO and ESK.
Furthermore, dividing the system into 7 areas and analyzing the reactive power balance for each area
with a QV-analysis shows that this method could also be used to analyze future projects.
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